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James B. Turpen,*‖ Clair M. Kelley,²‖ Capel et al., 1989; Jordon et al., 1990). These hematopoi-
etic stem cells (HSCs) are capable of self renewal andPaul E. Mead,²³ and Leonard I. Zon²³§
extensive differentiation, thus providing functional he-*Department of Cell Biology and Anatomy
matopoietic cells throughout the life of the organism.University of Nebraska Medical Center
Although primitive erythropoiesis in nonmammalianOmaha, Nebraska 68198
vertebrates is also derived from the yolk sac or its equiv-²Division of Hematology/Oncology and
alent, the ventral blood islands (VBI), experiments in³Howard Hughes Medical Institute
amphibians (Turpen et al., 1981; Kau and Turpen, 1983;Children's Hospital
Maeno et al., 1985; Bechtold et al., 1992) and birdsHarvard Medical School
(Dieterlen-Lievre and Le Douarin, 1993) demonstrateBoston, Massachusetts 02115
that the yolk sac is not the only site where hematopoietic
stem cells differentiate during embryogenesis. During
avian development, intraembryonic hematopoietic cellsSummary
differentiate in the dorsal mesentery, in para-aortic foci,
in the anterior region of the mesonephros in associationTwo regions of the vertebrate embryo, the blood is-
with the postcardinal veins, or in the dorsal aorta (Martinlands and the dorsal lateral plate (DLP), participate in
et al., 1978; Dieterlen-Lievre and Martin, 1981; Cormierearly hematopoietic development. In Xenopus, primi-
and Dieterlen-Lievre, 1988). Stem cells from this intra-tive erythrocytes are derived solely from the ventral
embryonic region differentiate into the definitiveerythro-blood islands (VBI), while definitive hematopoietic cells
cyte population and also give rise to progenitors thatsuch as lymphocytes are derived from both VBI and
colonize the thymus and bursa of Fabricious (LassilaDLP. We have utilized a transplantation technique to
et al., 1978, 1982). The analogous compartment in thedemonstrate in vivo that all hematopoietic cells (em-
Xenopus embryo is the mesoderm of the dorsal lateralbryonic, fetal, or adult) originate from ventral meso-
plate (DLP; intraembryonic), which contributes to defini-derm. Reciprocal grafts between VBI and DLP demon-
tive (adult) erythroid and lymphoid populations (Kau andstrated that both regions are bipotential with respect
Turpen, 1983; Maeno et al., 1985; Weber et al., 1991;to primitive and definitive hematopoiesis. Commitment
Bechtold et al., 1992). Hematopoietic cells arising fromof the VBI to primitive erythropoiesis and restriction
the DLP mesoderm in frogs also differentiate in associa-of the DLP to definitive hematopoiesis occurs during
tion with the dorsal aorta, postcardinal veins, and pro-neurula stages. Thus, hematopoietic development in-
nephros (Turpen and Knudson, 1982). As in higher verte-volves the induction of the blood program on the ven-
brates, the Xenopus liver is hematopoietic during thetral axis of the embryo followed by environmentally
larval period, and the initial stem cells that colonize andregulated specification to the primitive or definitive
differentiate in the liver are derived from the DLP (Chenlineages.
and Turpen, 1995). Subsequently, liver hematopoiesis
is derived from both the DLP and VBI regions. Thus,Introduction
hematopoietic stem cells are derived from two different
anatomical locations during embryogenesis.
The developing hematopoietic system in vertebrates is
An intraembryonic source of hematopoietic stem cells
characterized by successive phases of hematopoietic
in the mouse has also been described. The region
stem cell differentiation. In mammals, primitive hemato-
termed either aorta-gonads-mesonephros (AGM) or
poiesis occurs in the extraembryonic yolk sac and con- para-aortic splanchnopleura (P-Sp) contains CFU-S ac-
sists primarily of nucleated erythrocytes expressing em-
tivity as early as embryonic day 9, and progenitors for
bryonic hemoglobin. Fetal hematopoiesis involves the
B1a B-lymphocytes as early as day 8.5 (Godin et al.,
differentiation of stem cells that have colonized the de-
1993; Medvinski et al., 1993), suggesting that there may
veloping liver. In addition to the production of fetal, and be homologous intraembryonic stem cell compartments
later, adult erythroid cells, hepatic hematopoiesis yields in mammals. Cells in this region of the day 10 embryo
progenitors of the myeloid and lymphoid lineages, in- are capable of providing long-term reconstitution of the
cluding granulocyte-macrophage progenitors, B lym- hematopoietic system when injected into irradiated
phocytes, and T cell precursors (Rich and Kubanek, mice (Muller et al., 1994). After circulation is established,
1976; Naito et al., 1990; Bell and Zamoyska, 1991; Mel- long-term repopulating HSCs and stem cells that are
chers et al., 1991; Ikuta and Weissman, 1993). Pluripo- capable of differentiating as T and B lymphocytes are
tential stem cells capable of long term repopulation of detected in both the P-Sp and yolk sac region (Godin
irradiated mice are present in the fetal liver, suggesting et al., 1995; Medvinsky and Dzierzak, 1996). Based on
that the liver may be the primary source of self-renewing expression of surface markers, these stem cells have a
stem cells that colonize the developing bone marrow, c-Kit1, CD341 phenotype that may beuseful for separat-
the site of adult hematopoiesis (Fleishman et al., 1982; ing primitive from definitive stem cells (Huang and Auer-
bach, 1993; Sanchez et al., 1996).
It is now well established that HSCs arise in two sites§To whom all correspondence should be addressed.
in the embryo: the yolk sac/VBI and the AGM/DLP; how-‖The first two authors contributed equally to this work.
ever, the origins of these two hematopoietic sites, and
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the developmental relationship of the primitive and de- Results
finitive hematopoietic lineages have yet to be defined.
Gene Expression in Hematopoietic RegionsConflicting data have been derived from experiments
of the Early Embryoutilizing murine embryonic stem (ES) cells. Studies using
To define the timing of hematopoiesis within the devel-limiting dilution analysis of precursor frequencies incon-
oping VBI and DLP, we studied the expression of severaljunction with different growth factors have suggested
early molecular markers of hematopoietic cells. In verte-that there are separate precursors for primitive and de-
brates, the genes GATA-2 and SCL are each requiredfinitive erythropoiesis (Nakano et al., 1996). In contrast,
for normal hematopoiesis (Tsai et al, 1994; Pandolfi etblast-like cells develop from ES cells that, when clonally
al., 1995; Shivdasani et al., 1995). In the early neurula,cultured in the presence of vascular endothelial growth
GATA-2 is expressed throughout the ventral axis of thefactor and c-Kit ligand, produce single colonies con-
embryo and extends laterally to include the DLP regiontaining primitive erythrocytes and multiple definitive lin-
(Figure 1). SCL is detected initially in a more restrictedeages (Kennedy et al., 1997). This data suggests that
patch of cells in the ventral region of the embryo (Figureduring embryogenesis, there is a population of common
2), which delineates the precise region that forms theprogenitors that can give rise to stem cells that are
VBI as defined by transplantation experiments (Kau andsubsequently committed to differentiate along either the
Turpen, 1983). Subsequently, GATA-2 and SCL are bothprimitive or definitive lineages.
expressed in the VBI and in the dorsal region adjacentIn Xenopus, the independent and separate contribu-
to the pronephros and pronephric duct. This dorsal ex-tion of the VBI to primitive and of both VBI and DLP to
pression pattern is likely to identify hematopoietic cellsdefinitive hematopoiesis can be demonstrated as early
that develop within the dorsal aorta or paravascular foci,as neurula stages. However, the developmental relation-
as has been described in the para-aortic splanch-ship between hematopoietic cells in these two regions
nopleura/AGM of higher vertebrates (Dieterlen-Lievreand whether there is a common population of cells that
and Le Douarin, 1993). Using RT±PCR, we also studieddifferentiate earlier in development to give rise to the
dorsal and ventral expression of additional hematopoi-
earliest precursors of both VBI and DLP hematopoiesis
etic transcription factors, some of which are required
is unknown. Moreover, it is not known if the divergence
for normal hematopoiesis in mice (Mucenski et al., 1991;
of the primitive and definitive lineages is a stochastic Pevny et al, 1991; Georgopoulos et al., 1992; Pandolfi et
process or deterministic event mediated by the microen- al., 1995) (Figure 2). Expression of these hematopoietic
vironment. In the present study, we used a double trans- markers was not detected in the gastrulae.At the neurula
plantation technique between cytogenetically distinct stage, an Ikaros-related gene, c-myb, and GATA-3, as
Xenopus embryos to determine the regions of the gas- well as GATA-2 and SCL, are expressed at similar levels
trula that give rise to the hematopoietic stem cells lo- in both VBI and DLP regions. GATA-1 is expressed only
cated within the VBI and DLP of the neurula. In situ in the VBI of the neurula but is detected in both dorsal
hybridization and RT±PCR analysis demonstrated simi- and ventral regions by stage 30. GATA-1 and aT3 larval
lar patterns of hematopoietic gene expression in the globin RNA are detected at higher levels in the VBI,
early VBI or DLP as these regions commit to form hema- indicative of erythropoiesis in this region. A marker
topoietic cells. In addition, heterotopic transplantation of terminal differentiation, leukocyte common antigen
between the dorsal and ventral regions at several stages CD45 was detected in both VBI and DLP regions at
of embryogenesis demonstrate that commitment to ei- stages 30 and 40. Thus, at neurula stages, the VBI and
ther primitive or definitive hematopoiesis occurs during DLP express a similar early hematopoietic program.
neurulation. These studies provide the first direct evi- Subsequently, differences in gene expression profiles
dence in vivo for a common bipotential hematopoietic coincide with differential commitment to primitive and
definitive hematopoietic lineages in these regions.cell population in the early neurula.
Figure 1. Whole Embryo In Situ Analysis for
the Expression of SCL and GATA-2 Demon-
strates Similar Expression in the Ventral and
Dorsal Hematopoietic Sites of the Embryo
GATA-2 expression in early neurula (stage 13)
encompasses both the ventral and DLP re-
gions (lateral view). By tailbud stages 24 and
28, GATA-2 expression is more restricted in
the presumptive VBI and in the DLP hemato-
poietic region (arrow). Ventral view of SCL
expression in ventral hematopoietic meso-
derm at stage 15. At neurula stages, SCL ex-
pression is more restricted compared to
GATA-2 expression. At stages 24 and 26, SCL
is expressed in the VBI and in cells within the
DLP mesoderm (arrow). GATA-2 and SCL are
also expressed in distinct regions of the cen-
tral nervous system. No staining was evident
with sense control probes.
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Figure 2. Expression of Transcription Factors and Markers of Terminal Differentiation within Dorsal and Ventral Hematopoietic Sites as
Determined by RT±PCR Analysis
Dorsal and ventral marginal zones (DMZ and VMZ), dorsal lateral plate (DLP), and ventral blood island (VBI) were dissected from stage 10,
15, 30, and 40 embryos as shown on the left. None of the genes analyzed were expressed in early gastrula (stage 10) DMZ orVMZ. Hematopoietic
transcription factors were detected in VBI and DLP by stage 15 (neurula), and differentiation markers could be detected in these regions by
stage 30 (tailbud). Stage 50 thymus RNA is included as a positive control for the Ikaros-related gene, c-myb, GATA-3, and CD45. The low
level of GATA-1 expression in one thymus RNA sample is a variable finding and may be due to the presence of hematopoietic progenitor
cells. Adult muscle and stage 15 and 30 embryonic forebrain (FB) are also included as controls; as previously demonstrated in other species,
Ikaros (Molnar and Georgopoulos, 1994) and GATA-3 (George et al., 1994; Oosterwegel et al., 1992) are expressed in embryonic brain. In the
listed control lane, cDNA template is omitted from the PCR reaction. EF-1a (elongation factor) is used as a control for RNA recovery.
The Origin of VBI and DLP/AGM Cells diploid marginal zone cells through the VBI or DLP of
in the Gastrula triploid hosts and ultimately determine the contribution
The similar gene expression in the early VBI and DLP to primitive or definitive hematopoiesis. When a primary
suggested that the mesoderm within these hematopoi- VMZ graft was followed by a secondary VBI graft, diploid
etic sites could be functionally equivalent in potential to cells were found in 16/28 peripheral blood samples and
form primitive ordefinitive cells and raised the possibility 14/26 thymus samples from resulting tadpoles (Figure
that these two regions share a common origin earlier in 3C). This demonstrates that the VMZ is the origin of
development. To address this question of origin, we the VBI. When a primary VMZ graft was followed by a
developed a double transplantation technique that uti- secondary DLP graft, diploid cells were detected in 4/24
lizes genetically distinct donors and hosts and later dis- blood samples and 5/24 thymus samples of the tad-
tinguishes contribution of donor-derived gastrula stage poles. This demonstrates that the VMZ also contributes
graft to the host VBI or DLP. Ventral, dorsal, or lateral to the DLP. When the lateral marginal zone (LMZ) was
marginal zones (VMZ, DMZ, or LMZ) of early gastrulae transplanted, followed by either secondary VBI or DLP
(Nieuwkoop stage 10) were orthotopically transplanted transplant, diploid derivatives were also detected in the
(Kau and Turpen, 1983) from diploid donor embryos into peripheral blood (0/6, 2/15) and thymus (0/6, 3/14) sam-
triploid stage-matched host embryos (Figure 3A). To
ples. Transplantation of the dorsal marginal zone (DMZ)
analyze contribution of marginal zone grafts to VBI or
did not result in a contribution to either primitive or
DLP regions, the embryos were grown until neurula
definitive hematopoiesis. Thus, primitive and definitivestages,at which time either theVBI or DLP was orthotop-
hematopoietic stem cells in the dorsal and ventral re-ically transplanted into another stage-matched triploid
gions have a common origin in the ventral-lateral meso-host. Resulting larvae were reared for 30 days when
derm of the gastrula.the DNA content of erythrocytes and thymocytes was
analyzed by flow cytometry (Figure 3B). At this stage of
development, derivatives of VBI stem cells are charac-
Hematopoietic Potential and Commitmentteristically found in both the peripheral blood and the
in Ventral and Dorsal Lateralthymus, but derivatives of DLP stem cells are typically
Plate Mesodermlimited to the thymus. Peripheral blood analysis mea-
Despite a common origin at the gastrula stage, the DLPsures contribution to primitive (embryonic) hematopoie-
only forms definitive hematopoietic cells in vivo, whereassis, while thymocyte analysis reflects contribution to
the VBI can give rise to both lineages. To determinedefinitive (fetal-adult) hematopoiesis. This double trans-
plantation technique can thus follow the colonization of when these two regions become distinct and to better
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Figure 3. Stem Cells for Primitive and Definitive Hematopoiesis Are Derived from the Ventral Marginal Zone of Early Gastrulae Embryos
(A) Schematic representation of orthotopic transplantation experiments. Primary ventral marginal zone transplantation from diploid donors to
triploid hosts was done at gastrula stage 10, followed by secondary transplantation of VBI and DLP mesoderm to secondary triploid hosts
at neurula stage 14/15. Resultant embryos were allowed to develop to stage 50, at which time peripheral blood and thymocytes were subjected
to FACS analysis for ploidy. The double transplantation technique provides information on the contribution of donor marginal zone cells of
the gastrula to the two hematopoietic regions and ultimately follows the contribution of the cells of each region to the primitive and definitive
lineages of the tadpole.
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understand the commitmentof this ventral-lateral meso- transplants were done at neurula stage 13 or later, con-
tribution of donor cells to peripheral blood increasedderm to definitive or primitive hematopoiesis, we exam-
ined the developmental potential of the DLP to form with successive stages of transplant (Figure 4C). Donor
cells from VBI to DLP grafts done at stage 18 contributeprimitive erythroid cells in heterotopic transplantation
experiments (Figure 4A). Following transplantation of to peripheral blood in 9 of 10 cases. Many VBI to DLP
transplants at each of the stages examined demon-diploid DLP to the VBI region of triploid embryos at
stage 12.5, the peripheral blood of day 4 tadpoles in 9/12 strated very high levels of contribution to thymocyte
populations. The VBI cells are initially committed tocases contained primitive erythrocytes derived from the
donor DLP (Figure 4B). This experiment shows that while primitive hematopoiesis between stages 12.5 and 13,
coincident with the initial expression of SCL in this re-the VBI is the sole in vivo source of primitive erythroid
cells, the DLP mesoderm of the early neurula can form gion. Subsequently during neurula stages, these cells
expand in number and maintain this primitive fate evenprimitive cells in the correct environment and therefore
can be considered ªbipotential.º Embryos that received when relocated to the DLP environment. The failure of
early VBI cells to expand as primitive cells when placedDLP to VBI transplants at stage 14 or stage 15 showed
markedly reduced numbers of circulating erythrocytes. in the dorsal environment suggests the existence of
a factor(s) in the ventral environment that specificallyIt is possible that our grafting procedure altered the
timing or percent of contribution of the donor DLP to contributes to the proliferation and/or differentiation of
primitive cells. The percent contribution to peripheralthe host. To eliminate this possibility, we did additional
heterotopic transplantations, allowed the resulting tad- blood cells in VBI to DLP grafts increases as develop-
ment proceeds, while the percent contribution of DLPpoles to develop to 30 days, and analyzed peripheral
blood and thymus samples for donor contribution by to VBI grafts decreases (Figure 4D). Thus, as primitive
erythropoiesis expands in the VBI environment, the po-FACS analysis (Figure 4C). When transplants were done
at stage 13, contribution was detected in 8/17 blood tential of hematopoietic mesoderm in the DLP is re-
stricted to the definitive lineage.and 7/15 thymocyte populations of triploid hosts. This
confirms the above finding in day 4 tadpoles. When DLP
to VBI transplants were done at either stage 15 or stage Discussion
18, donor cells were detected in 4/14 and 0/8 peripheral
blood samples, respectively. At these stages, a few tad- The Origin and Commitment of
poles demonstrated a low level of contribution of the Hematopoietic Mesoderm
donor DLP to thymocytes. Thus, the ability of the DLP to Hematopoietic stem cells are derived from two distinct
contribute to primitive hematopoiesis decreases during regions of the post-neurula vertebrate embryo. De-
neurula stages. pending on the species, the ventral (or yolk sac) blood
To investigate stage-specific cell potential and envi- islands yield primitive and some definitive hematopoi-
ronmental influences of the dorsal and ventral regions, etic stem cells, while the mesentery of the DLP/AGM
we did heterotopic transplantation of either stage 18 only gives rise to definitive stem cells (Kau and Turpen,
DLP to stage 12 VBI or stage 12 DLP to stage 18 VBI 1983; Maeno et al., 1985; Dieterlen-Lievre and Le Douarin,
(n 5 10 for each). Primitive erythrocytes were not de- 1993; Godin et al., 1993, 1995; Chen and Turpen, 1995;
tected in the circulation of day 4 tadpoles in either trans- Medvinsky and Dzierzak, 1996). Our studies define the
plantation experiment (data not shown). This indicates developmental origins of these two hematopoietic sites
that the later DLP mesoderm has lost the potential to in Xenopus and establish a developmental relationship
contribute to primitive hematopoiesis and implies that between the primitive and definitive lineages in the early
mesoderm must interact with the ventral environment embryo. The ventral and lateral marginal zone of the
before stage 18 for the induction of primitive hematopoi- early gastrula gives rise to the hematopoietic stem cells
esis to occur. within the VBI and DLP/AGM. Following gastrulation,
these cells span the ventral and lateral regions of the
neurula as a continuous sheet of mesodermal cells.Timing and Commitment of Ventral Mesoderm
to Primitive Hematopoiesis Studies of hematopoietic markers demonstrate similar
gene expression in the early VBI or DLP as these regionsTo determine commitment of VBI cells toprimitive eryth-
ropoiesis, the VBI region was transplanted to the DLP commit to form hematopoietic cells. Our in vivo trans-
plant studies show that these mesodermal cells areregion at late gastrula or neurula stages. When the VBI
was transplanted to the DLP region of stage 12.5 em- equivalent with respect to hematopoietic potential at the
late gastrula and early neurula stages. Between stage 12bryos, no donor-derived erythrocytes were detected in
day 4 tadpoles (n 5 9) (Figure 4B). When VBI to DLP (the end of gastrulation) and stage 14 (early neural fold),
(B) Representative FACS analysis of peripheral blood and thymus derived from triploid hosts that received a diploid VMZ primary transplant
followed by either a VBI or DLP secondary transplant. Two peaks (2N and 3N) are indicative of contribution to the tissue, and one peak (3N)
indicates failure to contribute.
(C) Stem cells for both primitive and definitive hematopoiesis originate from ventral mesoderm at the gastrula stage. Transplantation results
are listed in the table as number of resultant embryos having donor contribution to peripheral blood or thymus/total number of animals studied.
The percent donor contribution to peripheral blood or thymocyte populations in each animal is plotted (open circle, peripheral blood; closed




Figure 4. Heterotopic Transplantation between DLP and VBI Regions at Different Stages Defines Commitment to Primitive and Definitive
Hematopoiesis during Neurula Stages
(A) Location of the DLP and VBI at the early (stage 13), mid (stage 15), and late (stage 18) neurula stages when transplants were done.
(B) At late gastrula stage 12.5, donor cells from heterotopic VBI to DLP grafts never contribute to primitive hematopoiesis. In the reciprocal
DLP to VBI graft, donor cells contribute to peripheral blood in 9/12 cases. Control VBI to VBI grafts always contribute to peripheral blood,
while DLP to DLP grafts never contribute to peripheral blood.
(C) Donor contribution to peripheral blood or thymocytes following heterotopic VBI to DLP or VBI to DLP grafts at neurula stages 13, 15,
or 18.
(D) Contribution of donor cells to peripheral blood is detected following stage 13 VBI to DLP graft and increases with stage of transplantation.
Conversely, the ability of DLP cells to contribute to primitive hematopoiesis when placed in the ventral environment decreases with increasing
stage of transplantation. Percent contribution of donor cells to peripheral blood (open circle) or thymocyte (closed circle) populations in each
animal is shown on graph.
the presumptive VBI and DLP stem cells are bipotential contact with additional endodermal signals before the
dorsal aortae fuse. This mesoderm±endoderm interac-and can differentiate as either primitive or definitive
cells, depending on their microenvironment. This micro- tion may be responsible for the initiation of hematopoi-
etic-specific gene expression slightly later in develop-environment may include contact with endodermal and/
or stromal signals that regulate the hematopoietic pro- ment compared to expression in the ventral blood island
region. The dorsal lateral plate contributes mostly togram. The initial signals are likely to be general inducers
of hematopoiesis that lead to the expression of GATA-2 definitive hematopoiesis, whereas the ventral blood is-
land contributes to primitive and some definitive hema-and SCL. Later, more specific queues could regulate
the switch decision between primitive and definitive topoiesis. Thus, all hematopoietic stem cells in both the
VBI and DLP are derived from a common sheet of ventrallineages. After stage 14, the fates of DLP and VBI are
committed and their contribution to either primitive or bipotential mesoderm that commits to either primitive
or definitive hematopoiesis based on spatially localizeddefinitive hematopoiesis cannot be altered by themicro-
environment. Dorsal lateral plate mesoderm comes in environmental cues. Consistent with these findings,
Hematopoietic Progenitors in the Vertebrate Embryo
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Kennedy et al. have shown in vivo that blast-like cells
can be derived from murine ES cells that will give rise
to both primitive and definitive lineages (Kennedy et al.,
1997).
Implications for Studies in Higher Vertebrates
Does the yolk sac give rise to definitive hematopoiesis
in vivo? In Xenopus transplantation studies, the ventral
blood island contributes to the definitive lineage, al-
though this contribution is modest compared to the DLP
contribution. Such contribution inhigher vertebrates has
been previously documented. Experiments in which the
yolk sac has been removed from day 7 mouse embryos
demonstrates a failure to develop fetal liver hematopoie-
sis, suggesting that the stem cells reside early in the
ventral region of the mammalian embryo (Johnson and
Moore, 1975). Similar studies by Weissman et al. (1978)
as well as studies by Huang and Auerbach (1993) have
demonstrated potential of the yolk sac to contribute to
T cell development in vivo. Despite these experiments,
recent studies in higher vertebrates have failed to detect
the contribution of yolk sac to definitive hematopoiesis.
One critical issue is that once circulation is established,
there can be interchange of cells between the intraem-
bryonic regions and the extraembryonic yolk sac. This
issue has recently been addressed by removing the
para-aortic splanchopleura (Pa-S) from precirculation
embryos at 7.5 dpc and culturing these explants for two
days prior to assaying for hematopoietic differentiation
(Cumano et al., 1996). Using this approach, the intraem-
bryonic Pa-S appears to be the only embryonic tissue
that contains stem cells with lymphoid potential. These
data suggest that the stem cells in the Ps-Sp arise inde-
pendently of the yolk sac. The previously documented
Figure 5. A Model for Hematopoietic Commitment in the Earlylymphopoietic activity of yolk sac cells by other investi-
Embryo
gators can be attributed to the migration of Pa-S cells
At the gastrula stage, ventral and ventral/lateral mesoderm are
to the yolk sac after circulation has been established. equivalent in hematopoietic potential with respect to primitive or
Although these experiments are elegant, organ cultures definitive hematopoiesis. By the end of gastrulation, these cells
were required to demonstrate that stem cells with span the ventral to dorsal lateral plate regions of the embryo. Ventral
and DLP mesoderm are equivalent in hematopoietic potential until atlymphoid potential exist in the AGM and not in the yolk
least neurula stage 13. As neurulation proceeds, local environmentsac regions of the mouse. It is possible that the cultures
directs commitment to primitive (ventral-most region) or definitiveselect for the definitive cell population in AGM, but not
hematopoiesis (blue and yellow stripe).
for these cells from yolk sac.
Alternatively, the frog may be different from higher
vertebrates and have remaining bipotential mesoderm An In Vivo System for the Study
of Hematopoietic Commitmentin the ventral blood island region. Different amphibian
species have a unique proportion of primitive/definitive The Xenopus embryo provides an ideal system for the
study of hematopoietic commitment in vivo. The trans-lineages within the DLP or VBI, perhaps reflecting move-
ments of gastrulation and the relative apportionment of plantation studies described here have allowed us to
determine the common origin of VBI and DLP hemato-mesoderm within the DLP and VBI during development.
For example, both primitive and definitive hematopoie- poietic cells. In addition, we have used heterotopic
transplantation to define the hematopoietic potentialsis in one species of urodeles (P. waltlii) is derived from
ventral mesoderm associated with the developing liver and timing of commitment of these cells to either primi-
tive or definitive hematopoiesis. Primitive hematopoie-at tail bud stages (Deparis and Jaylet, 1975). Our find-
ings in Xenopus support a model in which a common sis does not normally occur in the DLP. Transplantation
of VBI cells to this region defines the stage at which VBIprecursor becomes committed to primitive or definitive
hematopoiesis based on environment (Figure 5). Trans- cells commit to primitive hematopoiesis. The fact that
DLP cells can contribute to primitive hematopoiesisplantation studies that follow the fate of hematopoietic
mesoderm in vivo cannot presently be done in the when grafted into the ventral environment suggests
an equivalent potential of the ventral and DLP cells ofmouse. Determination of yolk sac contribution to defini-
tive hematopoiesis awaits cell labeling techniques that the early neurula. Interestingly, the ventralizing factor,
BMP-4, is expressed in the ectodermal cells from thewould follow the fate of these cells in vivo.
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Xenopus Ikaros-related cDNA fragment. A CD45 gene was isolatedventral to dorsal-lateral regions of the neurula, similar
by PCR from a Xenopus spleen cDNA library (kindly provided by M.to the expression pattern of GATA-2 shown in Figure 1
Flajnik) using degenerate oligos against peptide sequences MIWEQ(Fainsod et al., 1994). It is possible that this expression
KAT (forward) and DFWQMIFQ (reverse) corresponding to amino
of BMP-4 maintains the hematopoietic potential of the acid residues 703±710 and 1007±1015, respectively, of murine CD45
underlying mesoderm. As development proceeds, the (Trowbridge, 1991). Resulting fragments of the expected 950 base
DLP cells lose the ability to contribute to primitive hema- pair size were cloned into the pCRII vector. Sequence analysis pre-
dicts 80% similarity to the corresponding region of the murine CD45topoiesis. Two factors expressed in the adjacent neural
protein. Sequence homology, and developmental- and tissue-spe-plate, noggin and chordin, bind to and inhibit BMP-4
cific expression patterns (our unpublished data), is consistent with(Piccolo et al., 1996; Zimmerman et al., 1996). This loss
our conclusions that this cDNA encodes the Xenopus homolog of
of BMP-4 activity may play a role in the restriction of CD45. DMZs and VMZs were dissected as previously described
hematopoietic potential in the DLP. As other tissues, (Kelley et al, 1994). DLP and VBI regions dissected included meso-
such as the somites, pronephros, pronephric ducts, and derm and ectoderm and were separated from the underlying endo-
derm. RNA isolation from whole embryos, or dissected regions,dorsal aorta, are being induced in this region, some
reverse transcription (RT), and polymerase chain reaction (PCR)cells are maintained as HSCs that will later contribute
were carried out as previously described (Kelley et al., 1994). PCRto definitive hematopoiesis. Finally, our transplantation
cycle number was optimized for each primer set to maintain amplifi-studies suggest the presence of a localized inducer(s)
cation in the linear range. Primer pairs were as follows: Ikaros-
of primitive erythropoiesis in the ventral region of the related gene, forward (F) 5-CATGATGGAAAACAACAT-3, reverse (R)
early to mid neurula. The Xenopus system will allow 5-GGAGATTGGGCCATCCAT-3 (corresponding to nucleotides 520±
future studies to define the cascade of events that deter- 950 of the murine Ikaros gene); CD45, (F) 5-CTTTATTTGGACTCTGT
TATA-3, (R) 5-TACAGGTTCATACGTCAG-3 (corresponding to nucle-mine the hematopoietic potential of embryonic meso-
otides 658±784 of the murine CD45 gene); c-myb (F) 5-ACACACCCTderm and the later events that affect the contribution to
TACATCTTGCTG-3, (R) 5-CATCCTGCTGCAAGACATGAC-3 (nucle-primitive or definitive hematopoiesis. Ectopic expres-
otides 1476±1872) (Amaravadi and King, 1994). Two c-myb tran-sion of potential factors combined with transplantation
scripts are occasionally detected, perhaps due to alternative splic-
studies will help define the signals involved in both the ing. The c-myb primers were designed so that A-myb or B-myb
induction by local environment as well as hematopoietic would not be amplified. GATA-1, GATA-2, GATA-3, aT3, and EF-1a
competence of transplanted tissue. Expression cloning primer pairs have been described elsewhere (Kelley et al., 1994).
Ovulation was induced by injection of human chorionic gonado-strategies will be useful in the identification of novel
tropin. Triploid embryos were produced by subjecting fertilized eggsfactors involved in these events. Our recent studies have
to a temperature shock of 28C. Microsurgery was performed ondetermined a BMP-4-responsive cascade that initiates
sibling embryos at stage 10 for the primary transplant and stagesthe expression of Mix.1, a homeodomain protein that
14/15 for the secondary transplant. Ectoderm and adherent meso-
has ventralizing activity and participates in the induction derm were excised from either the ventral marginal zone (VMZ),
of the hematopoietic program (Mead et al., 1996). Down- lateral marginal zone (LMZ), or dorsal marginal zone (DMZ) of dip-
stream of Mix.1 are SCL and GATA-2, which are ex- loid-donor embryos and orthotopically transplanted to previously
prepared beds in stage-matched triploid hosts. Animals were anes-pressed early in both the ventral blood island and
thetized with ethyl-m-aminobenzoate methanesulfonate (Eastman).DLP regions (Maeno, 1996; Mead et al., 1996; P. E. M.,
Larval erythrocytes were collected from ventral aorta, thymic lobesC. M. K., and L. I. Z., unpublished data). It remains to
were dissociated, and cell suspensions were washed in APBS/BSA.be determined how Mix.1 and downstream factors par-
Nuclei were stained in Vindelov reagent (3.4 mM Tris-HCL [pH 7.6];
ticipate in the regulation of the hematopoietic program. 10 mM NaCl; RNAase, 700 KU/L; Propidium Iodide, 0.1 mM; NP-40,
The transplantation system that we have developed here 0.1% v/v) and analyzed using a Becton Dickinson FACStarplus flow
can be utilized to study, in vivo, the role of such factors cytometer. Excitation was at 488 nm and emission was collected
in hematopoietic induction and the commitment to prim- at 650 nm. Ten thousand events were collected from each sample.
For experiments involving heterotopic transplants, microsurgeryitive or definitive hematopoiesis.
was performed on sibling embryos at stage 12.5, 13, 15, or 18.
Ectoderm and adherent mesoderm were excised from either theExperimental Procedures
ventral blood islands (VBI) or dorsal lateral plate (DLP) of diploid-
donor embryos and heterotopically transplanted to previously pre-The cloning and detailed expression analysis of the Xenopus SCL
pared beds in stage-matched triploid hosts. Larval erythrocytesgene will be published elsewhere (P. E. M. et al., unpublished data).
were collected from 4 day tadpoles by severing the tail, followedFull-length antisense and sense control RNA probes were synthe-
by exsanguination into APBS/BSA. Cells were collected by cytocen-sized incorporating digoxygenin-UTP (Hemmati-Brivanlou et al.,
trifugation, fixed in 4% paraformaldehyde, post fixed in 70% EtOH,1990). Whole embryo in situ analysis was done as previously de-
and stained with the Feulgen reaction as previously described (Kauscribed (Hemmati-Brivanlou et al., 1990), except that a 2% solution
and Turpen, 1983). The optical density of at least 200 nuclei wasof the Blocking reagent (Boehringer Mannheim cat # 1096 176) in
measured using a Vickers M85 Microdensitometer. Samples from100 mM maleicacid, 150 mM NaCl (pH7.5) was used during antibody
30 day tadpoles were processed for FACS as described.incubation and subsequent washes. The BM purple (Boehringer
Mannheim) alkaline phosphatase substrate was used for the chro-
mogenic reaction.
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